The cytogenetic abnormalities of granulosa cell tumors (GCT) of the ovary are only partially known. Up to now, mainly numerical chromosomal aberrations have been described. Therefore we performed a comprehensive study on paraffin-embedded material of 20 GCT (17 adult, 3 juvenile; patient age between 16 and 78 y) combining comparative genomic hybridization (CGH); fluorescence in situ hybridization (FISH) using DNA-specific probes for chromosome 12, 17, 22, and X; DNA cytometry; and immunohistochemistry (inhibin, p53, Ki67).
Granulosa cell tumors of the ovary (GCT) are much less common than epithelial ovarian cancer. These tumors account for 1.5% of all ovarian neoplasms and for 6% of malignant ovarian tumors. Sixty-five percent of patients are postmenopausal; Ͻ5% are prepubertal. The juvenile granulosa cell tumor is a distinctive form of GCT that occurs almost exclusively in children and young adults. More than 95% of the GCT are unilateral and confined to the ovary.
GCT of the ovary is considered a low-grade malignancy. In most cases, the clinical course is nonaggressive and the 10-year survival rate is Ͼ90%. Tumors that exhibit mitotic figures or cellular atypia may behave more aggressively. Available information about the prognostic value of these factors, as well as age, histological type, and clinical stage is mostly incomplete and controversial (1) (2) (3) (4) (5) (6) .
The DNA index of GCT is mostly in the diploid range (7) . Only limited numbers of GCT tumors (adult and juvenile type) have been analyzed by traditional cytogenetics. Recent examinations of archival material by FISH have failed to confirm the high prevalence of trisomy 12 initially thought to be present in GCT and other sex cord-stromal tumors (8 -10) . Several other aberrations including monosomy 22, trisomy 14, and rearrangement of 6q have been reported (11) . To the best of our knowledge, studies using comparative genomic hybridization (CGH) have not been reported so far for GCT.
Immunohistochemistry can be useful in the differential diagnosis of GCT. Inhibin is probably the most helpful marker (2, (12) (13) (14) (15) (16) (17) (18) (19) . Inhibin is a dimeric glycoprotein hormone produced by normal ovarian granulosa cells and testicular Sertoli cells (20) that is involved in the regulation of pituitary folliclestimulating hormone secretion. Elevated levels of inhibin have been found in the serum of patients with granulosa cell tumors (21, 22) . Whether immu-nohistochemical analysis of the proliferationassociated antigen Ki67 and the tumor suppressor p53 gene plays a prognostic role in GCT is not fully clarified (23) .
In the present study we therefore performed a comprehensive analysis of 20 GCT combining fluorescence in situ hybridization (FISH), CGH, DNA cytometry, and immunohistochemistry. The results were compared with the clinical outcome of the patients. The study aimed at a better characterization of genetic alterations in these tumors that might be relevant for diagnosis, prognosis, and treatment decisions.
MATERIALS AND METHODS
Archival material of 20 granulosa cell tumors was studied, including three of juvenile type ( Cases 13, 19, 20) 
Comparative Genomic Hybridization
Cell culture, chromosome preparation and karyotype analysis were performed as previously described (24) . One microgram of tumor DNA was labeled by a standard nick-translation reaction with biotin-16-dUTP and 700 ng reference DNA from a healthy male donor with digoxigenin-11-dUTP (each from Boehringer Mannheim). The purification of labeled DNA fragments of Ͻ100 base pairs was achieved by applying column chromatography (Sephadex-G50). Repetitive sequences were blocked with 70 g of Cot 1 DNA.
Gray-band images of DAPI, FITC, and rhodamine fluorescence were taken using a CCD camera coupled to a Zeiss microscope. For digital image analysis and subsequent karyotyping, the QUIPS-XL (Applied Imaging, Vysis, Downers Grove, IL) software package was used. Only metaphase spreads showing a high green-to-red intensity were taken in account. Between 6 and 18 metaphases (mean ϭ 10.2) for each chromosome were analyzed. Corresponding ratio profiles were evaluated only within the 99% confidence limit. The 50% thresholds (upper threshold, 1.2; lower threshold, 0.8) were applied to define the chromosomal regions of DNA sequence losses and gains.
Fluorescence In Situ Hybridization
Two selected tissue blocks for each case were used. Under microscopic control, excess normal tissue was removed by microdissection, and tumor cell nuclei were extracted by the method of Hyytinen et al. (25) . The in situ hybridization was performed as described previously (26) . The hybridization mix was prepared according to the manufacturer's protocol with DNA-specific probes for chromosomes 12, 17, 22, and X (Vysis, Downers Grove, IL).
The slides were evaluated under a Zeiss (Oberkochen, Germany) Axioscop fluorescence microscope equipped with an HBO-100W mercury lamp and dual and triple band-pass filters (Vysis). Hybridization signals were counted in 200 nuclei per case. After exclusion of all overlapping nuclei, only discrete signals in nuclei with a distinct nuclear border were evaluated.
Image Cytometry
Image cytometry (ICM) was performed on Feulgen-stained pellets of the nuclear suspensions prepared for FISH analysis in all 20 cases (total of 40 pellets, on average 2 per case). For the measurements, a PC-based image analyzer, ACAS (Ahrens, Bargteheide, Germany) with special DNA software was used. For assessment of the diploid (2c) range, the integrated optical density of the nuclei of 25-30 granulocytes in the pellets was analyzed. The CV value of these reference cells was not to exceed 6%. Subsequently, an average of 200 (185-217) tumor cell nuclei was measured selectively in each sample. Only intact, nonoverlapping nuclei were included in the analysis.
Aneuploidy was assumed when Ͼ45% of the nuclei exhibited a DNA content above 2.5c or when Ͼ15% showed DNA values higher than 5c (2.5c-and 5c-exceeding rate).
Immunohistochemistry
All paraffin-embedded specimens were cut at 2-3 m and mounted on SuperFrost/Plus microscope slides (Menzel, Germany). After deparaffinization and rehydration immunohistochemical assays were performed by standard methods. For inhibin mouse anti-human inhibin 32-kDa alpha subunit, clone R1 (Serotec, Kidlington, Oxford, UK) was used at a dilution of 1: 40. The binding of primary antibodies was detected by use of the alkaline phosphatase-anti-alkaline phosphatase (APAAP) method. Mayer's hematoxylin was used as counterstain. A brown reaction product in the cytoplasm indicated specific staining. As positive control, tissue sections of a corpus luteum were used.
The immunohistochemical results of inhibin were scored semiquantitatively, resulting in four groups: negative (0 positive cells), weak (1-10% positive cells), moderate (11-50% positive cells), and strong staining (51-100% positive cells).
For Ki67, the monoclonal antibody MIB1 (Dakopatts, Glostrup, Denmark; DAKO) was used at a dilution of 1:50. The binding of primary antibodies was detected by use of the alkaline phosphataseanti-alkaline phophatase (APAAP) method (DAKO). Fast red was used as counterstain.
The immunohistochemical results of Ki67 were scored quantitatively. One thousand cells in each slide were counted. The percentage of the immunoreactive tumor cells was determined and expressed in 5% increments.
The monoclonal antibody against p53 (DAKO) was used at a dilution of 1:100. The binding of primary antibodies was detected by use of the alkaline phosphatase-conjugated streptavidin (super-sensitive label) method (DAKO). Negative controls were performed by replacing the primary monoclonal antibodies with RPMI.
p53 accumulation was assumed if Ͼ10% of the tumor cells showed a nuclear immunoreaction and then was scored in three groups, according to the protocol of Gebhart et al. (23) : weak (Ͻ20%), moderate (20 -60%), and strong (Ͼ60%).
Statistic Analysis
For all statistical calculations, SPSS 10 statistical software (Superior Performance Software System, SPSS for Windows version 7.0, Microsoft, Redmond, WA) was used. The various parameters were compared by 2 tests; Kaplan-Meier-survival curves were analyzed by log rank test. P Ͻ .05 was regarded as statistically significant.
RESULTS

Image Cytometry
In all cases under study (n ϭ 20), the determination of DNA ploidy was possible by means of ICM (mean CV values were 3.5% and 3% for all diploid and nondiploid peaks, respectively). In the ICM analysis, 16 of 20 cases (80%) were diploid, and 4 (20%: 3 adult, 1 juvenile), nondiploid (15% tetraploid and 5% aneuploid). There was no correlation of DNA ploidy with patients' age and tumor stage.
Fluorescence In Situ Hybridization
FISH analysis of nuclear suspension was successful in all cases for chromosome 12, 17, and X and in 18 cases (90%) for chromosome 22. Eight of 18 cases (44%) showed monosomy 22; five of 20 cases (25%), trisomy 12; 2 of 20 cases (10%), monosomy X; and one case (5%), monosomy 17. Two cases of monosomy 22, three cases of trisomy 12, and one case of monosomy X were DNA-aneuploid. Of the 16 DNAdiploid GCT, 6 cases (34%) showed aberrations by FISH. Two examples are represented in Figure 1 .
Comparative Genomic Hybridization
CGH analysis was possible in all cases. The results of FISH and CGH with regard to chromosomal losses and gains are summarized in Figure 2 . Genetic changes were seen in 75% (n ϭ 15). Almost all chromosomes were affected. The most frequently occurring CGH changes were complete loss of chromosomes 22 (40%), 21 (10%), and 4 (10%). Complete loss of chromosomes 5, 13, 16, 17, 18, 19 , and X was seen once each (5%). Complete gains of chro- mosomes were noticed for chromosome 14 (33%), 12 (15%), 8 (10%), 9 (10%), 15 (10%), and 21 (10%) and in one case each (5%) for chromosomes 3, 7, 10, 18, and 20. Partial losses and gains were seen on nearly every chromosome (see Table 1 and Fig. 2) .
Comparison of FISH and CGH results showed that 7 of 8 (87%) losses of chromosome 22 seen by FISH could be confirmed by CGH. Three of 5 cases (60%) with trisomy 12 in FISH analysis revealed gains of the whole chromosome 12. The other two cases and one additional case showed partial gains on chromosome 12 in CGH analysis. In contrast, FISH monosomy 17, seen in a single case, was not confirmed by CGH, and only one of two FISH monosomies X (50%) was also observed by CGH. CGH did not detect any additional changes on these four chromosomes, which were not revealed by FISH, with the exception of Case 10, which showed a loss of centromeric signals of chromosomes 17 and 22 by FISH that could not be detected by CGH.
Immunohistochemistry
Inhibin expression was found in all cases. It was moderate or strong in 16 (80%) and weak in 4 tumors (20%). An example is given in Figure 3A .
Nuclear expression of the proliferationassociated antigen Ki67 was detected in 18 tumors (90%). In half of the cases (n ϭ 10), the Ki67 index was Ͻ5%; in 9 tumors (45%), between 5 and 25% of the tumor cell nuclei were stained. One case of a juvenile granulosa cell tumor showed a proliferation fraction of 61% (Fig. 3B) .
Nuclear p53 accumulation was seen in 18 of 19 tumors (94.7%). One case could not be evaluated; one did not show any expression. Three cases showed p53 in Ͻ20% nuclei; 9 cases, in 20 -60% of the tumor cell nuclei; and 6 cases expressed p53 in Ͼ60% of tumor cells (Fig. 3C) . p53 expression and Ki67 index did not correlate.
Juvenile GCT
Two of three juvenile GCT (66%) showed low proliferation indices (Ki67) of 8 and 17% and moderate p53 accumulation (60% each). Being diploid in DNA cytometry, these two cases did not show any changes by FISH and CGH analysis. The third juvenile GCT (Case 19) displayed a high Ki67 index (61%) and strong p53 expression. It was DNA aneuploid and showed a large number of chromosomal gains and losses (Table 1) .
Survival Analysis
For 15 cases (13 adult and two juvenile), complete follow-up data were available. Four adult patients died of disease. p53, Ki67, and DNA ploidy were not correlated with outcome. Furthermore, neither the number of cytogenetic aberrations nor specific chromosomal changes had prognostic significance for both tumor types, the adult and juvenile GCT.
DISCUSSION
Granulosa cell tumor of the ovary is an uncommon and sometimes misdiagnosed tumor (27) of low malignant potential. Therefore, accurate diagnosis of these tumors is crucial for optimal treatment decisions, which mainly depend on tumor stage and age of the patient. Tumor stage is the only established prognostic factor. The prognosis for Stage IA patients is excellent, and fortunately most cases are Stage IA. On the other hand, long-term survival is poor in patients with extraovarian spread. The biological factors that determine tumor behavior and prognosis are largely unknown. Therefore, in the present investigation we examined 20 cases of adult and juvenile GCT combining molecular pathology, DNA cytometry, and immunohistochemistry.
Image cytometry revealed DNA diploidy in 80%, which is in agreement with observations of Halp- Gorski et al. (29) , and Suh et al. (30) . Several groups of investigators have reported that diploidy is associated with favorable prognosis (31) (32) (33) (34) (35) ; however, in the present study ploidy and survival were not correlated. It has been pointed out (27, 36) that image cytometric analysis is not sensitive enough to detect small changes in nuclear DNA content. Our results support this notion. Our combined FISH and CGH study revealed chromosomal aberrations in 11 of 16 DNA diploid cases (68%).
There are no universally accepted cutoffs for FISH diagnosis of chromosomal and/or gene gains or losses. Although our definitions of gene aberrations may be viewed as more or less subjective, the high concordance of FISH and CGH results is reassuring and suggests that the cutoffs used in our study are reliable.
Gains of whole chromosomes were the most characteristic chromosomal aberration observed in the present series of GCT. A number of previous studies noted trisomy 12 to be a frequent abnormality in tumors of the female genitourinary tract. It is a relatively common finding in sex cord-stromal tumors (11, 28, 29, (37) (38) (39) (40) . In agreement with these studies, we detected trisomy 12 by FISH analysis in five GCT (25%). By CGH, six cases showed gains of the whole chromosome 12 or at least of the short arm. In contrast to the results of Halperin et al. (28) , we did not see an association of trisomy 12 with the juvenile type of GCT. Several important genes have been identified on chromosome 12 (e.g., KRAS 2, KRAG, MDM2); however, it is not clear whether they play a role in GCT.
In the present series, monosomy 22 was more prevalent than trisomy 12. It was found in 8 of 20 GCT (40%), suggesting that it represents a nonrandom change (39 -41) . Like Van den Berghe et al. (41) , we observed that monosomy was frequently associated with other chromosomal abnormalities, mostly with trisomy 14 (5/8 cases, 62%). Furthermore, two of four patients who died of disease had monosomy 22 (50%). Thus, loss of chromosome 22 may be associated with tumor progression of GCT.
NF2 is a well-characterized tumor suppressor gene on chromosome 22; however, mutations of NF2 in GCT have not been reported so far. In other tumors like breast, liver, and colorectal carcinomas, NF2 does not appear to play a major role. Therefore, the existence of other tumor suppressor loci has been proposed. These postulated tumor suppressor genes may also be involved in GCT (39) .
The first report of trisomy 14 in GCT was by Gorski et al. (29) . In our study, we saw gain of chromosome 14 in 6 cases (33%). Five of them (83%) were combined with monosomy 22. Three cases (50%) were aneuploid. There was no significant correlation between trisomy 14 and histological type or prognosis.
On chromosome 14, a number of important genes have been characterized that are involved in the regulation of cell proliferation and cell death, such as FOS, the major component of the activator protein-1 (AP-1) transcription factor complex; BCL2L2 (BCL2-like2), a regulator molecule of apoptotic cell death; and TGF␤3, which controls cell proliferation and differentiation.
Conventional karyotype analysis of GCT has revealed occasional monosomy or trisomy of many other chromosomes, too (28, 29, 40) . In our series we found loss of large parts of chromosome 13 and 16 and significant gains of chromosomal material of chromosome 8 in more than two cases. However, trisomy 12 and 14 and monosomy 22 seem to be most the characteristic genetic lesions of GCT.
The cytogenetic changes in GCT differ from those in epithelial ovarian cancer, which is characterized by gains at 3q, 8q, and 20q, often displaying highlevel amplification. In particular, gains of chromosome 14 and loss of chromosome 22 are rarely found in ovarian carcinomas (42) (43) (44) . The detailed CGH study of GCT revealed multiple smaller changes in addition; however, no high-level amplifications were revealed. As no correlation to tumorstage or follow-up could be revealed, these aberrations probably are of secondary type.
p53 protein accumulation was found in 95% of GCT studied; however, there was no correlation with tumor stage, quantity, or type of chromosomal aberrations and survival. In particular, aberrations of chromosome 17 were only found in two cases. This suggests that accumulation of p53 protein apparently does not play such a pivotal role as has been described for ovarian carcinomas (45) . Assessment of proliferative activity by Ki67 immunostaining and intensity of inhibin expression (23, 46 -54) similarly did not provide prognostic information.
In summary, neither DNA cytometry and cytogenetics nor immunohistochemical analysis yielded prognostic information in our series of GCT. Nevertheless, the demonstration of nonrandom chromosomal aberrations may eventually lead to the identification of oncogenes and tumor suppressor genes that are pivotal for the development of GCT.
